Silicon Carbide (SiC) is a low Z material discussed as an alternative to graphite for fusion devices. The retention of hydrogenous species is an important plasma-surface interaction property. Deuterium was implanted into SiC, SiC f /SiC, C f /C-SiC and SiC coated graphite under various particle energy and substrate temperature conditions. A TDS process was used to characterise the deuterium retention of the implanted specimens. While all SiC materials show elevated retention levels compared to graphite, the differences are limited to about a factor of two over the range of parameters investigated.
Introduction
Silicon Carbide (SiC) is a ceramic material with various favourable properties for aerospace and fusion applications. The high melting point as well as the chemical stability suggest the use of SiC in high temperature, corrosive environments. As a "low-Z" material, SiC can be tolerated at higher concentrations as an impurity in fusion plasmas and further has favourable neutron irradiation properties. Moreover, SiC exhibits good electrical and thermal conductivity in comparison with other ceramic materials [1] . A disadvantage of SiC as well as most ceramics is the low mechanical shock tolerance and the poor manufacturability of large three dimensional structures. A possible solution to these issues could be the use of Ceramic Matrix Composite (CMC) materials. These materials gained popularity in the recent decades and have already been considered as a structural material for the ARIES-AT power plant concept [2] . Besides the erosion yield and the codeposition properties, the hydrogen retention properties are among the most important plasma-surface interaction effects. The erosion yield, especially of bulk SiC, but also of SiC f /SiC and SiC coated materials has been extensively studied since the 1970s by multiple authors. However, only little research on hydrogen retention has been conducted on SiC [3] [4] [5] , SiC coated [6] and SiC f /SiC CMC materials [7] . The related topic of hydrogen transport in SiC based materials has also been the subject of previous investigation [e.g. 8, 9] . The objective of this research has thus been the characterisation and comparison of the deuterium retention properties of the aforementioned materials.
Materials and methods

Materials
Several promising silicon carbide based materials were investigated ranging from monolithic C-based ceramics such as sintered SiC from Ortech Ceramics and CVD-SiC coated graphite manufactured by General Atomics, both with low damage tolerance, as well as fibre reinforced ceramic matrix composite materials like carbon fibre reinforced silicon carbide (C f /C-SiC) and SiC fibre reinforced SiC matrix composites (SiC f /SiC or SiC/SiCN). According to Mainzer et al. [10] , the SiC/SiCN CMC composite was produced via Polymer Infiltration and Pyrolysis process (PIP) using SA3 fibres from Tyranno Corp. (Jp) as well as the Si-based polymer PSZ10 from Clariant SE, Germany. The C f /C-SiC was manufactured by infiltration of a porous C f /C composite with liquid silicon as described by Frieß et al. [11] . The density is smaller than the SiC f /SiC, even though the material contains only small amounts of porosities, because of the higher content of the light carbon fibres. Further, a reference sample made of HPG99 pyrolytic graphite from Union Carbide was tested. The aforementioned materials are listed in Table 1 . 
T
All samples except the SiC coated graphite were cut into specimens of a size of 5 × 7 × 0.5 mm 3 and were mechanically polished to obtain a mirror finish on both sides of the specimens. The thickness after polishing was approximately 0.4 mm to 0.5 mm which was determined to be the smallest practical thickness in order to avoid cracking during the handling of the bulk SiC specimens. The SiC coated specimen were tested in the "as received" condition. Moreover, all specimens were annealed at 1500 K for 30 min in a separate vacuum system prior to implantation in order to remove surface and near-surface contaminants.
Unfortunately, the surface composition was not assessed for any of the materials at any stage of the experiments. However, it can be assumed that the initial surface composition before annealing for SiC and SiC coated graphite is close to equilibrium, while the surface composition of the CMC materials strongly depends on the surface features in the irradiated area. The carbon fibres in the C f /C-SiC material for example increase the C to Si ratio significantly while the SiC matrix tends to push the surface composition closer to equilibrium. Also, it is expected that the surface composition could change during heat treatment and deuterium irradiation. For example, silicon enrichment due to hydrocarbon formation during deuterium ion irradiation was observed by Oya et al. [5] .
Methods
The implantations were performed with a D + 3 ion beam at the dual ion beam facility of UTIAS as described in detail by Haasz and Davis [12] . Either the ion energy, the substrate temperature or the fluence were varied in the respective measurement series as explained in Table 2 .
The irradiated specimen were transported between the vacuum vessels of the ion beam accelerator and the Thermal Desorption Spectroscopy (TDS) system through air. A Papyex (manufactured by Mersen) heating cradle was utilised to heat the specimens at a rate of 1 K/s from room temperature to approximately 1500 K. The temperature of the irradiated specimens was inferred by using a SiC reference specimen with a type W-Re thermocouple glued onto the reference SiC specimen with high-temperature resistant, vacuum compatible Graphi-Bond TM 669 graphite glue and positioned next to the irradiated specimen. This method assumes that the differences in emissivity, thermal capacity and conductivity between the SiC reference specimen and all other tested samples of the same as well as different materials are reasonably similar for thin specimens. The desorption of mass 2 (H 2 ), mass 3 (HD), mass 4 (D 2 ), mass 16 (CH 4 ) and mass 20 (CD 4 , D 2 O) were monitored with both a 201RC/HAL V Hiden and a model 5221 Extrel Residual Gas Analysis (RGA) Quadrupole Mass Spectrometer (QMS). The quantification of the signals could be achieved by using D 2 , CD 4 and H 2 leak bottles. Signals without leak bottles were quantified using the respective ionisation sensitivities according to Hiden and the relative pumping speed of the turbomolecular pumps for the individual species as given by Pfeiffer Vaccum. The background pressure at the start of the TDS process was below = p 1.5·10 6 Pa.
Results and Discussion
A comparison of the TDS profiles of the tested bulk SiC, SiC f /SiC and SiC coated C materials in combination with curves on SiC from Mayer et al. [3] , Oya et al. [5] , both scaled from a.u. to match the bulk SiC D 2 peak, as well as on SiC f /SiC from Nobuta et al. [7] is depicted in Fig. 1 . The bulk SiC curves exhibit a dominant peak which Oya et al. measured at 850 K, Mayer et al. at 1050 K and this study at approximately 930 K. Oya et al. attribute this peak to Si-D bonds as well as the secondary peak on the high temperature side to C-D bonds. The secondary peak forms a shoulder on the high temperature side of Mayer et al.'s TDS profile. The SiC TDS profiles obtained in this study exhibited a peak at the falling slope for some TDS curves and bulges or no clear pattern for others. The SiC f /SiC results show no clear signs of a secondary peak caused by the decomposition of C-D bonds. Nobuta et al. [7] were able to see a more distinct secondary peak while otherwise both SiC f /SiC curves match in magnitude and overall shape. Whilst the primary D 2 release peak of the SiC coated specimen matches the SiC and SiC f /SiC data, the shoulder on the high temperature side of the profile might again indicate the presence of the secondary C-D bond peak TDS profiles of the different tested materials irradiated at = T 300 K and = E 1 keV are depicted in Fig. 2 a) -e). The contribution of D 2 , HD, CD 4 and D 2 O is shown separately. While bulk SiC, SiC f /SiC and SiC coated graphite show no significant amounts of CD 4 and D 2 O desorption, C f /C-SiC and graphite have a peak in both CD 4 and D 2 O desorption at around 850 K. However, the desorption of D 2 O seems to be more dominant in C f /C-SiC than in graphite. This could be an effect of an elevated background in water vapour or a greater amounts of water which can be absorbed in the porous surface layer of C f /C-SiC. The two gray, vertical, dashed lines indicate the approximate location of the primary Si-D peak as mentioned before at about 930 K and the more vaguely visible secondary C-D peak at approximately 1150 K. While the primary peak lines up almost perfectly for SiC, SiC f /SiC and C f /C-SiC, the SiC coated graphite curve might be offset by about 50 K as it would be for a thermocouple with a slightly lower temperature reading. Moreover, curve a)-c) show signs of a shoulder on the right side of of the primary peak in the region where the C-D peak would be expected. Whilst obtained at the same experimental conditions, the SiC TDS curve depicted in Fig. 2 a) is different from the one shown in Fig. 1 in the sense that it does exhibit a shoulder instead of a distinct peak. A composition of D 2 desorption curves as a function of implantation temperature for each investigated material is shown in Fig. 3 . Curve a)-c) show both a decrease in the total amount of retained deuterium as well as a shift of the maximum towards higher temperatures with higher implantation temperature. This can be explained by the fact that Si-D bonds are increasingly unstable at elevated temperatures while C-D bonds can still be formed. This behaviour is confirmed by earlier measurements on SiC [5] , SiC f /SiC [6] and SiC coated graphite [7] . In contrast to the materials with a significant amount of SiC in the near surface area, the C f /C-SiC curve of Fig. 3 d) shows only a decrease in the amount with no shift in the peak position. While the 300 K curve shows a rather SiC like shape with a peak at 950 K, other curves rather resemble graphite with a plateau like structure containing a small dip in the center such as the 400 K and 700 K C f /C-SiC curves. This dip was previously seen in the graphite data of Mayer et al. [3] and might indicate that a certain variance resulting from samples with a different ratio between carbon fibres and SiC matrix within the area of the irradiation spot is present.
All individual TDS profiles are integrated over the full temperature range in order to obtain the total amount of retained deuterium. These results are plotted against the ion fluence, the particle energy or the substrate temperature in Fig. 4-6 , respectively. Trend lines serve as a guide to the eye. In addition, error bars indicate a representative error estimation composed of the mean square error of the trend line to a 20% uncertainty leak bottle quantification error. Fig. 4 shows the fluence dependent retention of sintered SiC in comparison with data on SiC from Oya et al. [4] as well as data on pyrolytic graphite from Haasz and Davis [13] . The data from Oya et al. was sampled at a higher particle energy of 2 keV/D + and was adjusted from D/SiC to D/m 2 values by multiplying the molecular density of SiC and twice the average range of deuterium ions in SiC of about 30.4 pm as estimated with the Stopping and Range of Ions in Matter (SRIM) code [14] . All curves show that the transition between 100% deuterium retention to a saturated state occurs within the same order of magnitude. As expected, the deuterium retention in bulk SiC is slightly higher than the literature results on graphite.
The energy dependence of the deuterium retention process is displayed in Figure 5 . The gradient of the SiC, SiC f /SiC and C/C-SiC log-log trend curves is close to 0.5 indicating that the total amount of retained deuterium is proportional to the square root of the particle energy during implantation. This is the expected behaviour since the main influence of the particle energy is to increase the range of the ions within the target material. While bulk SiC, SiC f /SiC and SiC coated graphite are within the margin of error of each other, C f /C-SiC exhibits a slightly lower deuterium retention behaviour. Figure 6 shows the substrate temperature dependence of the deuterium retention in the tested materials as well as a comparison with pyrolytic graphite as obtained by Haasz and Davis [15] . Since their data was obtained at a fluence of = 1.5·10 22 D/m 2 it is likely to be about 20% lower in magnitude. Overall, all curves show a decrease in 
Conclusion
The total amount of retained deuterium is similar for all investigated materials with a significant silicon content at the surface (bulk SiC, SiC coated graphite and SiC f /SiC) whereas C f /C-SiC shows results in-between SiC and pyrolytic graphite. Neither the fibres nor the porosities seem to foster retention indicating that effects on the lattice scale such as vacancies and interstitials are more important to the trapping of deuterium than microscopic characteristics such as porosities. Further, the desorption of hydrocarbons seems to be irrelevant for SiC based ceramic materials in contrast to graphite and carbon composite materials. Increasing the particle energy and fluence increases the hydrogen retention whereas increases in the substrate temperature leads to less retention. The difference in the amount of retained deuterium between graphite and the tested SiC materials decreases at higher substrate temperature. Overall, the hydrogen retention in the various SiC materials is similar to retention in graphite within a factor of two over the entire range of parameters investigated. This means that the question if SiC is a suitable alternative to graphite should be decided by other parameters such as erosion, codeposition, plasma impurities or the mechanical properties.
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